We report on an atmospheric-pressure dc microplasma that can be used to passivate silicon nanocrystals ͑SiNCs͒ in ethanol and that stabilizes their optoelectronic properties. We show that microplasma processing enhances the SiNCs photoluminescence intensity by factor of more than ten times and ϳ80 nm redshift of its maximum. The microplasma induces the replacement of hydrogen terminations with hydroxyl-/organic-based bonds. The resulting surface characteristics are responsible for the formation of conductive and stable SiNCs self-organized assemblies extending over 0.5 mm after dewetting on a substrate.
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Recent developments and understanding in the synthesis and surface functionalization 1-6 of silicon nanocrystals ͑SiNCs͒ with quantum confinement properties have shown the high potential of SiNCs for a wide range of applications. [7] [8] [9] In particular, the results produced by solar cells that are based on SiNCs are scientifically important and with a very promising technological impact. [10] [11] [12] [13] [14] [15] Improvements in our processing capabilities and understanding of the SiNCs behavior in photovoltaic devices may lead to the exploitation of multiexciton generation which would represent a truly new type high-efficiency solar cell. 14 The surface characteristics of SiNCs that are achievable today need however greater improvements as both the degree of passivation and the type of terminations is not satisfactory to assess and exploit the real potential of SiNC-based devices which has also fueled an interesting debate on multiexciton generation in nanocrystals in general. 14, 16, 17 The SiNCs surface is also important from a processing point of view as they determine the possibility of integrating SiNCs in application devices. 15 Processing and manipulation of SiNCs is further complicated because, when exposed to air, SiNCs properties can quickly deteriorate. 14, 16 Therefore, surface engineering of SiNCs directly in liquid media would be very useful to tune their properties.
Our recent studies have shown that laser-based processing of SiNCs in liquid media offers great opportunity for surface passivation. [18] [19] [20] Promising opportunities are now being offered by atmospheric-pressure plasmas which, differently from low-pressure plasmas, can be effectively coupled to liquids. A unique class of plasmas is represented by atmospheric-pressure microplasmas ͑AMP͒ which have interesting properties that make them particularly suitable for the synthesis of nanomaterials 21, 22 and with the opportunity of interfacing with liquid surfaces. 21, 23 In the work reported in this paper we have used a dcdriven AMP in a jet configuration for the treatment of SiNCs produced by electrochemical etching and dispersed in ethanol. The AMP jet has induced chemical reactions in the liquid phase contributing to modify the SiNCs surface. The treated SiNCs have shown enhanced optical properties with long-term stability as observed by photoluminescence ͑PL͒ measurements. Furthermore, when SiNCs were dewetted on a substrate, surface interactions promoted the formation of long-range and self-organized conductive networks.
A powder containing single SiNCs and SiNCs clustered in micrometer-size aggregates was produced by electrochemical etching of a silicon wafer and subsequent mechanical pulverization. 12 Following, 5 mg of the powder was dispersed in 20 mL of ethanol. In order to remove the largest aggregates, the dispersion was left to settle for 15 min and the supernatant part has been used to produce a 10 mL sample of the ethanol-SiNCs colloidal dispersion. The AMP was generated between a Ni tubing ͑inner diameter 0.7 mm, outer 1 mm͒ and the surface of the ethanol-SiNCs colloidal dispersion ͑Fig. 1͒. As a counter electrode, a carbon rod ͑5 mm diameter͒ was immersed about 5 mm in the solution at a distance of about 3 cm from the nickel tubing. A positive voltage was applied to the carbon rod while the nickel tubing was connected to ground through a 100 k⍀ resistor. Figure  1͑a͒ shows a diagram of the experimental setup and Fig. 1͑b͒ is the corresponding photograph. Pure argon was flown inside the Ni tubing at a rate of 25 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒. The distance between the nickel tubing and the liquid dispersion surface was initially adjusted at 1 mm, however during each processing ͑16 min͒ the distance was observed to increase to about 1.3-1.5 mm due to evaporation. Therefore, the applied voltage was initially set at 2 kV until the current reached 1. subsequently the voltage was adjusted to keep the current constant at 1.5 mA. We have repeated the 16 min treatment for six times on the same ethanol-SiNCs dispersion and at the end of the sixth treatment, the applied voltage required to produce a constant current of 1.5 mA was 800 V. The PL of the colloidal dispersions was measured at 400 nm excitation laser wavelength for the as-prepared SiNCs before any treatment and after each one of the six 16 min treatments. The microplasma-treated sample was then drop-cast on a glass substrate for analysis with a scanning electron microscope ͑SEM͒ ͑Hitachi S-4300͒ and on a silicon wafer for Fourier transform infrared spectroscopy ͑FTIR͒ ͑Perkin Elmer Spectrum 2000͒ analysis. For the electrical measurements, glass substrates were prepatterned with interdigitated platinum contacts. 18 The conductivity and photoconductivity measurements under AM1.5 irradiation were conducted in ambient conditions. Figure 2 shows the FTIR measurements of the SiNCs before and after microplasma treatment ͑6 ϫ 16 min treatment͒. The line corresponds to as-prepared electrochemically etched SiNCs dispersed in ethanol, which present typical surface characteristics of porous silicon 24 with absorption peaks related to Si-H x bonds ͓Fig. 2͑a͔͒. In particular, the multiple peaks between 810 and 920 cm −1 and between 2050 and 2150 cm −1 are associated with various SiH x vibration modes. 24 In the same ranges it can be seen that the microplasma-treated SiNCs do not present any absorption which indicates the absence of H-terminations. This is further confirmed with the absorption peaks between 2160 and 2250 cm −1 which result from the insertion of oxygen into Si-H backbonds and that are due to oxidation when the SiNCs are exposed to water vapor present in air or in ethanol. 24 These peaks are clearly visible for as-prepared SiNCs while they are absent in the FTIR spectrum of microplasma-treated SiNCs ͓Fig. 2͑b͔͒. Typical Si-O absorption bands are also observed in both samples ͓Fig. 2͑a͔͒ around 450, 800, and 1075 cm −1 . 25 These absorption bands are fairly similar in both samples ͓Fig. 2͑a͔͒; nonetheless it has to be noticed that the strongest peak is narrower for the microplasma-treated SiNCs with a characteristic shoulder. The narrower stretching mode peak has been associated with higher quality oxides. 25 The shoulder around ϳ1200 cm −1 may also be attributed to the presence of C-O bonds 6 which may be confirmed by some peaks appearing between 1350 and 1450 cm −1 ; however in the same range of wavelengths, CH x absorption is also present 6 which does not appear in the SiNCs before treatment. The stretching mode of the O-H bond centered around 3400 cm −1 , 24 which is clearly seen in the microplasma-treated SiNCs, is instead absent in the asprepared SiNCs. Given the presence of absorption bands that are related to carbon bonds, it appears that the SiNCs may have been passivated in part by organic molecules; however further investigations are needed to fully describe the type of surface characteristics that have been produced. Overall the FTIR analysis indicates that SiNCs treated by the microplasma process have seen the full replacement of H-terminations with hydroxyl-/organic-based terminations with a possible higher degree of passivation due also to a higher quality of the oxide under-layer.
SiNCs produced by electrochemical etching generally present room temperature PL ͑Ref. 12͒ as confirmed by our measurements; PL emission spectra of the SiNCs before ͑as-prepared͒ and after microplasma treatment are shown in Fig.  3 . Symbols represent PL emission after one 16 min treatment and after six such treatments ͑i.e., 96 min processing͒. The measurements show that the PL intensity has drastically increased by more than ten times after 96 min processing with a corresponding redshift of about 80 nm. The inset of Fig. 3 summarizes the PL maxima intensity ͑open symbols͒ and wavelength ͑full symbols͒ as a function of the processing time. The PL intensity sharply increases in the first 16 min of processing and continues to grow more slowly for prolonged processing times. Similarly, a clear redshift ͑ϳ80 nm͒ is measured after 16 min processing with minor changes for further processing. In order to verify the stability of the SiNCs we have measured PL emission 5 days after processing. Figure 3 shows the PL emission which indicates stable optical characteristics with no significant maxima wavelength shift ͑Ͻ5 nm͒ and minor intensity increase ͑ϳ7%͒.
The interaction of the microplasma with the surface of the colloidal dispersion can induce fragmentation of specific 
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Švrček, Mariotti, and Kondo Appl. Phys. Lett. 97, 161502 ͑2010͒ bonds in the molecular structure of ethanol. In particular, dissociative electron attachment of ethanol can produce reactive radicals such as the ethyl group, the hydroxyl group, and atomic hydrogen 26 which are likely to react at the surface of the SiNCs. Although the specific mechanisms induced by this AMP process are still under investigation, the typical electron energy in this type of plasmas ͑0.5-20 eV͒ 21, 27 is well within the range of energies capable of dissociative electron attachment. 26 Different types of radicals may be formed and due to their high reactivity they can easily replace the H-terminations located on the surface of SiNCs; the presence of water in solution may have then contributed to a higher degree of passivation and the formation of a characteristic oxide underlayer. The role of surface charges is also very important to accelerate/inhibit surface processes as we have observed that SiNCs are subject to a change in polarity; the SiNCs initially grouped under the positive electrode, while after a few 16 min treatments the SiNCs were seen to buildup under the microplasma jet. What is clear from our results is that an improved surface passivation of the SiNCs has been produced and determined the large increase in PL intensity. At the same time, the redshift is justified by the replacement of H-terminations with OHterminations which have shown to decrease the band gap of ultrasmall SiNCs. 28 Figure 4͑a͒ shows SEM images of processed SiNCs which exhibit characteristic arrangements after dewetting on the substrate ͑nontreated SiNCs do not produce any arrangement͒. The self-organized patterns generally consist of interconnected and conductive networks that exceed several hundred micrometers in length ͑Ͼ0.5 mm͒. Comparing our current and previous results, the replacement of H-terminations with oxygen-based surface bonds is essential to induce the formation of self-organized patterns which may be due to enhanced dipole-dipole interactions. 18 This is an important finding that can be extremely useful in the optimization of the junction surface area and transport properties of SiNC-based solar cells.
In order to confirm the close proximity of the SiNCs in the self-organized networks we have dewetted the treated colloidal dispersions on substrates with interdigitated contacts. It was observed that the microplasma-induced networks are formed by SiNCs sufficiently close to each other to allow for charge transport. Figure 4͑b͒ shows the currentvoltage characteristic of the microplasma-processed SiNCs in the dark ͑symbols͒ and under AM1.5 irradiation ͑line͒. Although these measurements do not allow comments on the photoactivity of the SiNCs, the current-voltage characteristic under illumination is important to show that the percolating networks do not degenerate under irradiation confirming the high stability of the surface characteristics produced by the microplasma treatment.
In conclusion, we have shown that AMPs can be used for surface engineering of nanostructures directly in liquid media and in this particular case the process has induced the functionalization of the SiNCs surface characteristics with enhanced PL emission properties and stability. Due to surface reactions initiated by plasma electrons, radicals have been formed in the liquid dispersion with consequent replacement, at the SiNCs surface, of the hydrogen bonds with hydroxyl-/organic-based bonds. Finally we have confirmed that self-organization of conductive long-range SiNCs networks can be produced as a result of specific SiNCs surface characteristics.
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